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a  b  s  t  r  a  c  t
Solution casting technique has been successfully employed to prepare nano-composite
films. Various weight ratios of cerium oxide (CeO2) nanoparticle were added to a
PEO:NH4SCN:xCeO2 polymer matrix to enhance the ionic conductivity at ambient temper-
ature. The electrical and electrochemical properties of the composite electrolyte systems
have  been investigated using impedance, dielectric properties (ε*, tanı, and M*), transfer
number measurement (TNM), linear sweep voltammetry (LSV), and cyclic voltammetry (CV)
techniques. The highest ionic conductivity of ∼8.57 × 10−4 S/cm is obtained for the system
incorporated with 3 wt.% of CeO2 filler. This study presented a new approach and the com-
plex permittivity confirmed that the real part value of dielectric constant (ε′) for all samples
has  found to be much higher than the imaginary part (ε′′) value. The appearance of the peakslectrochemical properties
DLC
at  a characteristic frequency in the loss tangent indicates the existence of relaxation. Low
dielectric modulus is observed for 3 wt.% of CeO2 incorporated. The TNM measurements
confirmed the ionic conductivity of NCSPEs and ion transport tion of films have been found
to  be 0.84, 0.96 and 0.92 for 1 wt.%, 3 wt.%, and 5 wt.% of CeO2, respectively. The system
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incorporated with 3 wt.% of CeO2 has discovered to be electrochemically stable up to 1.4 V.
From the CV analysis it is noticeable that the energy storage mechanism of the EDLC is
a  combination of double-layer capacitance and pseudo capacitance. A value of 88.9 F/g is
achieved at 20 mV/s.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the
Y-NCCC  B
1.  Introduction
Polymer electrolytes have been extensively studied by the
worldwide researchers in the recent years, due to their impor-
tance in theoretical studies and their potential application
in different fields such us polymer science, electrochemistry,
organic and inorganic chemistry. The electrical and optical
properties of polymer based electrolytes and nano-composites
are crucial to be investigated [1]. Wide range electrochemical
stability, leakage-free nature, light weight, solvent free char-
acteristics, easy preparation techniques, safety and durability
are the most significant advantages of solid polymer elec-
trolytes (SPEs) [2,3]. The (SPEs) with good mechanical stability
and flexibility can provide a better contact between elec-
trode and electrolyte for electrochemical device applications
[4]. However, poor electrical conductivity of solid polymer
electrolytes at room temperature restricts their practical per-
formances [5]. The occurrence of the ionic transport of solid
polymer electrolytes can be observed only in the amorphous
polymer regions [6]. Polyethylene oxide (PEO) is one of the
host polymers in the preparation of solid polymer electrolyte
for the metal ion conducting batteries, because it has high
electrochemical stability with ion dissociation ability and
nontoxicity. However, PEO has helical structure with semi-
crystalline polymer so it can exist in both crystalline and
amorphous phase, as well as low melting point (60 ◦C) [7–9].
Unfortunately, PEO-based polymer electrolyte has low con-
ductivity at temperature <70 ◦C due to phase crystallinity.
Nonetheless, good conductivity value is supposed to be at
least 10−4 S/cm and this can be achieved only at temperature
range between 80 and 100 ◦C. Thus, this issue limits its practi-
cal applications [10–13]. In the literature different approaches
were proposed to enhance the conductivity of PEO-based poly-
mer  electrolyte. One of the approaches is to use inorganic salts
particularly alkali metal salts like lithium, sodium and potas-
sium salts. PEO possesses good solvating ability because ether
oxygen atom has lone pair electrons and cations are strongly
coordinated with the polymer [14–16]. Different inorganic salts
such as LiCF3SO3, LiClO4, LiPF6 and NaIO4 are reported by
Ahn et al. [17] and Koduru et al. [7]. Additionally, the litera-
ture documented that the conductivity issue of SPE for energy
device applications can be solved using inorganic salts spe-
cially alkali metal salts [18–21]. A number of studies reported
that the ionic conductivity increased with higher salt concen-
tration [22]. Another popular method includes the addition
of nano inorganic fillers to improve the ionic conductivity for
instance TiO , Al O , SiO , ZrO and Ag NPs [17,23,24]. Cerium2 2 3 2 2
oxide (CeO2) as a highly relevant nanoparticle has attracted
a great attention due to its exceptional chemical and phys-
ical characteristics that can be applied in various fields like-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
fuel cell, catalyst, ultraviolet absorber, medicine, electrodes for
sensors, etc. It can act as a membrane stability enhancer in the
fuel cell application, even when present in a small amount,
it has the ability to extend the durability of fuel cell mem-
branes [25–28]. Consequently, in the CeO2 structure, several
oxygen vacancies exist that becoming high mobility of oxy-
gen. Additionally, cerium oxide can switch between Ce3+ and
Ce4+ oxidation states, relying on whether it is available in the
case of reducing or oxidizing [29]. Dey et al. were reported the
effect of CeO2 nanoparticle in the PEO:NH4ClO4 salt complex.
It was demonstrated that the CeO2 has a great impact on ionic
conductivity of the PEO based SPE systems [30].
Dielectric relaxation and ion conduction mechanism in
solids are among the most intensively studied topics in
condensed matter physics. Particularly, the study of dielec-
tric relaxation in solid polymer electrolytes is a powerful
approach which extracts information about the characteris-
tics of cation–polymer interactions. Additionally, the dielectric
constant plays a fundamental role to show the dissolving abil-
ity of polymer material for a salt [31,32]. In our previous works
we observed a high value of dielectric loss parameter (ε′′) com-
pared to dielectric constant (ε′) parameter [31–36].
From physics viewpoint, high dielectric constant value
compared to dielectric loss parameter is crucial; especially
for advanced materials which have wide range applica-
tions in modern technology e.g. battery and electrical double
layer capacitor (EDLC). Nano-materials may constitute nano-
capacitor through the electrolyte system. The contribution of
many nano-capacitors to the ion dissociation and producing
space charge polarization may enhance the dielectric constant
which in turn improves the charge storage capacity. The main
challenge in the field of polymer electrolyte is to prepare a
system with high charge storage property and low dielectric
loss value. Electrical double layer capacitor (EDLC) is consid-
ered as one of the main category of electrochemical capacitors
in addition to hybrid and pseudo capacitor. EDLC can be used
in carbon-based electrodes and various choices of electrolyte
material. These capacitors can be a good alternative to other
kinds of charge storage especially rechargeable batteries. In a
non-Faradaic charge storage mechanism, the accumulation of
charges takes place on the surface of carbon electrodes form-
ing double-layer capacitor [37,38]. EDLC has good endurance,
high thermal stability, good power density, low cost, high
safety and excellent cyclability [3]. As the EDLC is connected to
the power supply one electrode turns to a negatively charged
electrode which attracts cations and repulses anions while a
reverse action takes place at the positive electrode [39]. In the
present study, the influence of cerium oxide (CeO2) nanopar-
ticles on the electrochemical properties of PEO:NH4SCN based
nano-composite polymer electrolyte will be investigated using
various techniques.
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Table 1 – The composition of the prepared
PEO:NH4SCN:CeO2 systems.
Sample code (PEO)(1) (g) NH4SCN (wt.%) CeO2 (wt.%)














































PEOCE2 1 40 3
PEOCE3 1 40 5
.  Experimental  details
.1.  Materials  and  preparation  of  polymer  electrolyte
oly (ethylene oxide) PEO with molecular weight of
,000,000 g mol−1 from Alfa Aesar, ammonium thiocyanate
NH4SCN 99% purity) from Merck, cerium dioxide (CeO2)
anoparticle (size ≤20 nm,  purity 99.9%) from Sigma Aldrich,
cetonitrile (ACN 99.9% purity) from Alpha Chemika have
een used as raw materials for the preparation of nano-
omposite solid polymer electrolyte. All the chemicals were
sed with no further purification. For this purpose, 1 g of
EO was dissolved in 40 ml  of ACN solution. Subsequently,
 constant weight ratio (40 wt.%) of NH4SCN was added to
he solution. The solution was stirred continuously with
he magnetic stirrer at room temperature until complete
issolution was achieved. Finally, various weight ratios of
eO2 were added to the polymer salt mixture and stirred until
 clear solution was obtained. CeO2 content in the prepared
amples was varied from 1 to 5 wt.%. The samples were coded
s PEOCE1, PEOCE2, and PEOCE3 incorporated with PEO:40%
H4SCN incorporated with 1 wt.%, 3 wt.% and 5 wt.% of CeO2
anoparticle, respectively. The solutions were then spilled
nto different clean and dry glass Petri dishes, covered with
lter paper to avoid any impurities. Finally, samples were
llowed to evaporate slowly at room temperature, in order
o obtain dry and a free-standing PEO nano-composite solid
olymer electrolyte films. Table 1 shows the composition of
he prepared samples.
.2.  EIS  spectroscopy
lectrical impedance spectroscopy of the prepared films was
erformed in the frequency range between 50 Hz and 1 MHz
sing LCR meter (HIOKI 3531 Z Hi-tester, Japan). For this
easurements, a pair of stainless steel electrode was used
s blocking electrode to keep thin films of nanocompos-
te solid polymer electrolyte (diameter = 2 cm). The Nyquist
lot for complex impedance (Z*), real (Z′) and imaginary
Z′′) parts were examined. Thus, the bulk resistance (Rb)
as measured through the Nyquist plot with the real
xis.
.3.  LSV  and  TNM  measurement
inear sweep voltammetry (LSV) was conducted to evaluate
he electrical stability of the nano-composite solid polymer
lectrolyte (NCSPE) by measuring the decomposition voltage
f the best conducting sample at room temperature. Digi-IVY
Y2300 potentiostat at the 5 mV S−1 sweep rate was uti-
ized. The sweeping potential was from 0 to 2.5 V. At room 0;9(4):9283–9294 9285
temperature, direct current DC polarization technique was
used to analyze the transference number measurement as a
function of time. V&A instrument DP3003 was used and the
cell was polarized at 0.20 V. The transference number of ions
(tion) was measured for each sample of NCSPEs films. The cell
arrangement of both LSV and TNM was the same which was
stainless steel (SS)| highest conducting electrolyte| SS.
2.4.  Cyclic  voltammetry  (CV)  measurements  of  EDLC
Digi-IVY DY2300 potentiostat was employed to study the cyclic
voltammetry (CV). A voltage range from 0 to 0.9 V was used
to analyze CV for the EDLC with the maximum conduc-
tive nano-composite solid polymer electrolyte film at room
temperature. Planetary ball miller (XQM-0.4) was used for
the process of dry mixing. The mixture of powders which
consisted of 3.25 g of activated carbon and 0.25 g of car-
bon black was mixed at a rotational speed of 500 r/min for
15 min. Polyvinylidene fluoride (PVdF) was dissolved in 15 ml
of N-methyl pyrrolidone (NMP). The powder was poured and
stirred in the dissolved solution of NMP-PVdF. A thick black
solution was obtained which was coated on an aluminum
foil using a doctor blade. The foil was dried at 60 ◦C in an
oven. The dried electrodes were cut into a circle with area
of 2.01 cm2. The highest conducting electrolyte was placed
between two carbon electrodes in a CR2032 coil cell. This
coin cell EDLC was placed in a Teflon holder for further test-
ing.
3.  Results  and  discussion
3.1.  Impedance  and  DC  conductivity  study
For better understanding the electrical properties of the elec-
trolyte material and ion mobility at the electrode/electrolyte
interfaces, the electrochemical impedance spectroscopy (EIS)
technique is vital [40]. This technique is performed by apply-
ing an alternate electric signal to the SPE over a broad range of
frequencies at ambient temperature, from which the electro-
chemical system can be studied and the ionic conductivity can
be determined. Two stainless steel discs were used as block-
ing electrode, to sandwich the solid polymer electrolyte films
[41]. The movement  of ions and concentration of charge carri-
ers are affected by polymer electrolyte film conductivity [42].
Fig. 1 shows the impedance plots of PEO:NH4SCN:CeO2 at room
temperature by varying the content of CeO2. Normally, the
complex impedance plot consists of a high frequency semi-
circle region, which is due to the bulk effect of the electrolyte
(bulk combination with bulk resistance) and a low frequency
spike due to the effect of blocking electrodes [38,41]. Bulk
resistance is presented by semicircle at high frequency while
spike at low frequency is due to charge double-layer. The
interception between a semicircle and spike can be consid-
ered as the bulk resistance (Rb) [43]. From the Nyquist plots,
it can be revealed that as the ratio of nanocomposite fillers
increased from 1 wt% to 3 wt%, the diameter of the semicir-
cle shrunk, which illustrated that the Rb has been reduced.
5% CeO2 increase the Rb again due to the immobile polymer
chains or blocking effect. This would lower the charge carriers
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Fig. 1 – The impedance plot for solid polymer electrolytes bas
Table 2 – The conductivity value of PEO:NH4SCN:CeO2
systems.
Sample designation DC conductivity (S/cm)
PEOCE1 3.81 × 10−5
composites. Through this analysis one can extract informa-PEOCE2 8.57 × 10−4
PEOCE3 2.28 × 10−4
and cause a reduction in the conductivity of the systems.
The reduction of the semicircle indicated that the amorphous
nature of the polymer system enhanced [44,45]. On the other
hand, the disappearance of the semicircle signified the non-
Debye behavior of polymer electrolytes [46]. DC conductivity
(dc) for each system is calculated using the following equation












where t is the thickness of the sample and A is the area of
the electrode. The influence of CeO2 nanoparticles on the
ionic conductivity of PEO:40%NH4SCN systems were investi-
gated by utilize varying content of CeO2. The maximum ionic
conductivity is 8.57 × 10−4 S/cm for PEO:40%NH4SCN:3%CeO2
nano-composite solid polymer electrolyte system. The ionic
conductivity increased as the nanocomposite ratio increased
by up to 3%. Further increase in the CeO2 nanoparticle con-
tent above 3% resulted in lower conductivity because of theed on PEO:NH4SCN (a) 1% CeO2, (b) 3% CeO2, (c) 5% CeO2.
overcrowding the ions in the polymer network [47]. This
conductivity is much greater than the recorded value of
(7 × 10−7 S/cm) in the literature for PEO:NH4SCN electrolyte
[48]. It is well reported that both ionic associations, and PEO
crystallinity can be greatly impacted by the hydrogen bonds
of PEO and NH4SCN which in turn effect on the overall con-
ductivity of the prepared SPE [49]. The use of nanoparticle
as a conductivity enhancer was proven. Various nanofillers
have been added to the PEO based polymer electrolyte sys-
tems such as SiO2, TiO2 with the highest ionic conductivities at
room temperature of 8 × 10−6 S/cm, and 3 × 10−5 S/cm, respec-
tively which reported by Scrosati et al. [24] and for the
PEO:LiClO4:Al2O3 was 4 × 10−5 S/cm examined by Ahn et al.
[17]. Qi et al. [50] reported that the PEO-LiClO4-CeO2 NSPEs
with the maximum conductivity of 1.71 × 10−5 S/cm. Hence,
the current study of PEO:NH4SCN:CeO2, has a higher ionic
conductivity than PEO-LiClO4-CeO2 system.
3.2.  Dielectric  properties
3.2.1.  Study  of  dielectric  constant  and  dielectric  loss
Dielectric constant analysis is an essential method to identify
phase transitions, and ionic transport mechanism in polymertion regarding the dielectric relaxation behavior and relate it
to their ionic conductivity upon frequency. Dielectric proper-
ties of the polymer composite systems are illustrated based
j m a t e r r e s t e c h n o l . 2 0 2 0;9(4):9283–9294 9287
Fig. 2 – Variation of the real part of dielectric constant as a
function of frequency for (PEOCE1–PEOCE3) electrolyte
samples at room temperature.
Fig. 3 – Variation of the imaginary part of dielectric


















Fig. 4 – Variation of the complex permittivity as a function
of frequency for PEOCE1 electrolyte sample at room
temperature.
Fig. 5 – Variation of the complex permittivity as a function
of frequency for PEOCE2 electrolyte sample at roomlectrolyte samples at room temperature.
n the plots of the real (ε′) and imaginary part (ε′′) of complex









here ω is the angular frequency, C0 is the vacuum capac-
tance, Z′′ is the imaginary part of impedance and Z′ is the
eal part of impedance [51]. Figs. 2 and 3 demonstrate the ε′
nd ε′′ as a function of frequency at room temperature for
EOCE1, PEOCE2, and PEOCE3 samples. It can be seen that at
he low frequency the dielectric constant reach the maximum
alue because of the high concentration of charged species.
hile, large electric dispersion at the higher frequency region
an be observed. Sharp rise in the dielectric constant at the
ow-frequency region for PEOCE2 sample indicates the higher
onic conductor, which reflects the influence of ion species
olarization and ionic mobility conductors [52].temperature.
The value of dielectric constant reaches to zero at the
higher frequency region, due to the reduction in elec-
tronic polarization [53]. One can note that, as the frequency
increased, the dielectric constant gradually dropped and
approached constant value at the very high frequency region.
However, due to the dipoles alignment to the direction of
the field in a low-frequency region the dielectric constant is
increased [54]. From the figures, both ε′ and ε′′ are increased
with addition of larger weight percent ratio of CeO2 nanoparti-
cle up to 3 wt.% of PEO systems. Nevertheless, further increase
in the CeO2 content to 5 wt.% caused a dramatic drop in the
dielectric constant, resulted from the blocking effect at the
electrode/electrolyte interface.
Figs. 4–6 provide information on the complex permittivity
as a function of frequency at room temperature for PEOCE1,
PEOCE2, and PEOCE3, respectively. It is obvious that the value
of the ε′ for all PEO:NH4SCN:CeO2 nanocomposite polymer
electrolytes much higher than the ε′′ value. Among the sam-
ples, the maximum value of the dielectric constant for the
PEOCE2 sample has been recorded while the minimum value
obtained from the PEOCE3 sample. As mentioned in introduc-
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Fig. 6 – Variation of the complex permittivity as a function
of frequency for PEOCE3 electrolyte sample at room
Fig. 7 – Variation of the tangent loss (tanı) as a function of
frequency for the PEOCE electrolyte samples at roomtemperature.
tion section we observed a high value for ε′′ in comparison
to ε′ parameter in our previous works for polymer based elec-
trolytes and nanocomposites [31–36]. It is well established that
the high dielectric constant value compared to dielectric loss
parameter is suitable for electrochemical device application.
The possible explanation for the high value of ε′ in compari-
son to ε′′ is the development of many  nano-capacitors inside
the PEO nano-composite electrolyte. The nano-capacitors pro-
mote ion dissociation and creating space charge polarization
which may improve the dielectric constant which. The main
challenge in the field of polymer electrolyte is to prepare a
system with high charge storage property (high dielectric con-
stant) and low dielectric loss value. From Figs. 4–6, it is obvious
that the value of ε′ is nearly double that of ε′′. The high value of
ε′ refers to high value of capacitance (ε′ = C/C0) and thus high
charge storage property (C = Q/V).
3.2.2.  Tangent  loss  (tanı)  relaxation  peak  study
Study of dielectric relaxation phenomena is considered as a
vital method to explore the molecular interaction in the solid
polymer-based electrolytes [55]. The segmental motion of the
polymer backbone within the polymer matrix plays an impor-
tant role in ions transference that can be perceivable with the
relaxation process [56]. Accordingly, to observe the relaxation
behavior in the PEOCE electrolyte films, the tangent loss (tanı)
was analyzed. The loss tangent (tanı) can be defined as a ratio
of dielectric loss per dielectric constant and it is a measure of
electrical energy lost ratio to the stored energy in a periodic
field [57,58]. The variation of loss tangent (tanı) versus fre-
quency measured at room temperature for the PEO:NH4SCN
electrolyte systems incorporated with the various amount of
CeO2 nanoparticle is presented in Fig. 7. Its noticeable that
the loss tangent rise with increasing frequency, and reached
the highest value at specific frequencies, owing to the rapid
increase of the active components (i.e., ohmic) of current than
the reactive components (i.e., capacitive). Further increase in
frequency leads to a drop in the (tanı), which is due to the
reactive components proportionally rise with the frequency,
and the active components of current are independent of
frequency practically [59–61]. It can be argued that the appear-temperature.
ance of the peaks at a characteristic frequency indicates the
existence of dipoles relaxation in the whole samples [62,63].
It is well documented that the increase of segmental motion
of polymeric chain reduces the relaxation time which in turn
facilitates the transport process. This is mathematically for-
mulated in  = 1/2fmax, where  is the relaxation time for the
ionic charge carrier. In other words, as long as the ion fluence
increase, the relaxation time is diminished which reflected the
rise in ionic conductivity because of the increment in the seg-
mental motion of the system. These perceptions purpose that
there is an increment in the amorphous region in the PEOCE2
based NCSPE [56].
3.2.3.  Electric  modulus  study
Dielectric modulus is one of the most powerful mechanisms to
further understand the conductivity relaxation phenomenon
which detects the bulk dielectric nature and cover up the
influence of electrode polarization effect. In particular, the
modulus spectroscopy plot can be used to separate the com-
ponents which have the same resistance but different in
capacitance, recognize polarization of electrode, relaxation
time, bulk properties, as well as electrical conductivity. Com-
plex modulus (M*) can be classified as imaginary and real
parts. The dielectric modulus of PEO:NH4SCN:CeO2 polymer
electrolytes were calculated from the impedance data (i.e., Z′
and Z′′) by utilizing the following equations [64–66]:
M′ = ε
′




(ε′2 + ε′′2) = ωCoZ
′ (5)
Figs. 8 and 9 show the variation of real part (M′) and imag-
inary part (M′′) of electrical modulus at ambient temperature
respectively, for CeO2 ratio-dependent PEO:NH4SCN compos-
ite polymer electrolyte as a function of frequency. Long-tail
observed at the low-frequency region of both (M′, M′′) for
all CeO2 based nanocomposite polymer electrolyte. This is a
good evidence for the electrode polarization influence com-
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Fig. 8 – Variation of real modulus (Mr) for (PEOCE1, PEOCE2
and PEOCE3) composite electrolyte systems at room
temperature as a function of frequency.
Fig. 9 – Variation of imaginary modulus (Mi) for (PEOCE1,





















Fig. 10 – Polarization current for PEOCE1 system as a
function of time.
Fig. 11 – Polarization current for PEOCE2 system as a
function of time.oom temperature as a function of frequency.
ete eliminated with the large capacitance effect [67,68]. The
alue of complex modulus (M′, M′′) increased as the frequency
ises, and reached maximum at the higher frequency regions.
his is related to the lack of returning force governing the
ovement  of ions [66]. From the modulus plots, the relaxation
ime can be noticed at a high-frequency end and designated
hat the polymer composite electrolyte films are ionic conduc-
ors [69]. Nonetheless, the absences of relaxation maybe due
o the limited frequency range of the instrument [54]. Between
he CeO2 weight percent ratios the imaginary modulus spec-
rum demonstrated that the film PEOCE2 has low-intensity
odulus which means that it has a higher ionic conductivity.
.3.  TNM  study
ransference number measurement has been done using the
C polarization method, to determine the contribution ofon species in the solid composite polymer electrolyte sys-
ems. Both ions and electrons species take part in the total of
onic transport [70,71]. Two essential parameters are used to
omprehend the conductivity of materials which are tion andFig. 12 – Polarization current for PEOCE3 system as a
function of time.
electron transference number (te). Non-blocking electrode is
an electrode where both ion and electron can pass through
while for blocking electrode, only electrons can pass through
the electrodes. te should be smaller than the ion tion for poly-
mer  composite electrolyte since films are ionic conductor, and
signifying the dominancy of ions to the overall conductivity
[72,73]. Figs. 10–12 represent the plots of polarization cur-
rent against time for the PEOCE1, PEOCE2 and PEOCE3 films,
respectively. It was observed that the initial current value
drop rapidly with time for all PEO:NH4SCN:CeO2 systems. This
might be due to the reduction of ions in the NCSPEs. At the
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Fig. 13 – linear sweep voltammetry for PEOCE2 sample with
Fig. 14 – CV of the EDLC fabrication for PEOCE2 sample in
the potential range 0–0.9 V at the scan rate 20, 50 and
100 mV s−1 at room temperature.highest conductivity.
steady-state phase, since only electron can migrate along the
electrolyte interface, the cells become polarized [74]. The value
of tion can be determined using the following equations:
tion = 1 − te or tion = Ii − Iss/Ii (6)
where Ii and Iss are the initial current and steady-state cur-
rent, respectively. The value of initial and steady-state current
are extracted from the TNM plot. The calculated tion val-
ues are 0.84, 0.96 and 0.92 for PEOCE1, PEOCE2, and PEOCE3,
respectively. Among the NCSPEs, PEOCE2 (3 wt.% CeO2) has the
highest tion and it is near to the ideal value of unity. These
results approve that ions is the most vital conducting species
in the electrolyte [70,72–74]. Other studies reported that good
electrolytes possess tion > 0.90 [75,76].
3.4.  LSV  study
Linear sweep voltammetry analysis is utilized to determine
the electrochemical stability of the maximum conducting
PEO:NH4SCN:xCeO2 system. High electrochemical stability of
an electrolyte is very crucial for any electrochemical device
applications [39,74]. Fig. 13 illustrates the LSV plot for PEOCE2
film sample at room temperature. No obvious increment in
current value from 0 to 1.4 V. As the potential is >1.4 V, cur-
rent value increase sharply as the potential increased. The
lowest requirement has been found to be ∼1 V in ammonium
salt-based energy storage technologies [77]. Hence, PEOCE2
can be used as an electrodes separator in EDLC application.
The decomposition voltage of PEO-PMMA-LiClO4 with 3 wt%
of various nanoparticle films has been investigated by Dhatar-
wal [78] where the value of decomposition voltage for SiO2,
Al2O3, ZnO, and SnO2 is ∼3 V, which is higher than the present
work value. The authors also stated that the electrochemical
performance of the electrolyte can be affected by dielectric
constant, particle size and structure. In this case, the author
used polymer blend of PEO-PMMA instead of a single PEO in
this work. Polymer blend possesses more  functional groups
and higher dielectric properties than a single polymer. These
characteristics enhance the number of charge carriers in theelectrolyte which resulting in improvement of conductivity as
well as decomposition potential.
3.5.  CV  study
The charge transfers and charge storage behavior at the elec-
trode/electrolyte interface can be analyzed using CV analysis
[79–81]. Fig. 14 shows the CV plot of the EDLC at various scan
rates (100, 50, 20 mV  s−1) with potential range up to 0.9 V. In
order to determine the specific capacitance (Cspe) of the fabri-







where I(V)dV is the area of the CV which is obtained using
the Origin 9.0 software through the integration function. The
chosen Vi and Vf in the present work are 0 V and 0.9 V, respec-
tively. v is the scan rate and m is the weight of active material.
The values of Cspe for fabricated EDLC are 46.8, 67.2 and
86.9 F/g for 100, 50 and 20 mV/s, respectively. This result is
comparable to our previous work using NH4SCN-based EDLC
where the Cspe from CV is 66.3 F/g [39]. An EDLC by Sud-
hakar et al. [83] with xanthan gum: LiClO4:glycerol system
achieved 74 F/g at 5 mV/s. Liew et al. [84] reported that 52.78 F/g
is achieved for EDLC with activated carbon electrode and
PVA:NH4CH3COO:BmImI electrolyte. It is also noticeable that
the value of Cspe is higher at low scan rate compared to high
scan rate. At low scan rate, efficient ionic conduction can be
achieved where ions can form proper charge-double layer at
the surface of the electrolyte which resulting in the increment
of capacitance [85,86]. It can be observed that each CV plot
possesses a small bump or peak. This signifies that the energy
storage mechanism of the EDLC in this work is combination
of double layer capacitance and pseudocapacitance. The exis-
tence of small bump in the CV plots could be to presence of
j m a t e r r e s t e c h n o l . 2 0 2
Table 3 – The capacitance value of PEOCE2 sample at the
scan rate of 20, 50 and 100 mV/s.













































eO2 in the electrolyte. The redox reaction can be expressed
sing the following equation:
eO2 + H+ + e−  YCeO2 (8)
CeO2 is known as reversible redox material with pseudoca-
acitive behavior [87].
Pseudocapacitance is produced by an electron charge-
ransfer between electrode and electrolyte coming from an
dsorbed ion and de-solvated. No chemical reaction occurs
mong absorbed ion and atoms of the electrode. Pseudo-
apacitance and double-layer capacitance both contribute
nseparably to the total capacitance value [88] (Table 3).
.  Conclusion
n the current study, the influence of cerium oxide CeO2
anoparticle on the PEO:40%NH4SCN solid polymer electrolyte
SPE) systems have been investigated. Electrical and dielec-
ric properties of NCSPE films have been evaluated through
mpedance, dielectric and modulus spectroscopy. Various
echniques such as TNM, LSV, and CV have been characterized.
he highest ionic conductivity at room temperature has been
chieved with 3 wt.% CeO2 where the conductivity increased
rom 3.81 × 10−5 S/cm to 8.57 × 10−4 S/cm. A reduction in con-
uctivity value can be observed if CeO2 content exceeded
 wt.%. From dielectric analysis, dielectric constant (ε′) for all
amples has found to be much higher than the dielectric loss
ε′′) value. The LSV showed that the PEO:40%NH4SCN:3%CeO2
ossessed electrochemical stability up to 1.4 V. Ions has iden-
ified as the primary charge carriers in the electrolyte and
ave bigger contribution to the total conductivity compared
o electron. tion of the sample with 3 wt.% CeO2 has discov-
red to be 0.96. The outcomes from CV analysis revealed that
he presence of CeO2 in the electrolyte introduce a small
seudocapacitive behavior. Both double-layer capacitance and
seudocapacitance contribute to the total capacitance in the
DLC. A maximum specific capacitance of 86.8 F/g has been
chieved at 20 mV/s.
onflicts  of  interest
he authors declare no conflicts of interest.
cknowledgements
he authors gratefully acknowledge the financial support for
his study from Ministry of Higher Education and Scientific
esearch-Kurdish National Research Council (KNRC), Kurdis-
an Regional Government/Iraq. The financial support from the 0;9(4):9283–9294 9291
University of Sulaimani and Komar University of Science and
Technology are greatly appreciated.
 e  f  e  r  e  n  c  e  s
[1] Al-Muntaser AA, Abdelghany AM, Abdelrazek EM,
Elshahawy AG. Enhancement of optical and electrical
properties of PVC/PMMA blend films doped with Li4Ti5O12
nanoparticles. J Mater Res Technol 2020;9:789–97,
http://dx.doi.org/10.1016/j.jmrt.2019.11.019.
[2]  Ramesh S, Winie T, Arof AK. Investigation of mechanical
properties of polyvinyl chloride-polyethylene oxide
(PVC-PEO) based polymer electrolytes for lithium polymer
cells. Eur Polym J 2007;43:1963–8.
[3] Aziz SB, Abdulwahid RT, Hamsan MH, Brza MA, Abdullah
RM, Kadir MFZ, et al. Structural, impedance, and EDLC
characteristics of proton conducting chitosan-based polymer
blend electrolytes with high electrochemical stability.
Molecules 2019;24:3508,
http://dx.doi.org/10.3390/molecules24193508.
[4] Lee TK, Zaini NFM, Mobarak NN, Hassan NH, Noor SAM,
Mamat S, et al. PEO based polymer electrolyte comprised of
epoxidized natural rubber material (ENR50) for Li-ion
polymer battery application. Electrochim Acta
2019;316:283–91,
http://dx.doi.org/10.1016/j.electacta.2019.05.143.
[5]  Polu AR, Rhee HW. Ionic liquid doped PEO-based solid
polymer electrolytes for lithium-ion polymer batteries. Int J
Hydrogen Energy 2017;42:7212–9,
http://dx.doi.org/10.1016/j.ijhydene.2016.04.160.
[6]  Qian X, Gu N, Cheng Z, Yang X, Wang E, Dong S. Plasticizer
effect on the ionic conductivity of PEO-based polymer
electrolyte. Mater Chem Phys 2002;74:98–103,
http://dx.doi.org/10.1016/S0254-0584(01)00408-4.
[7]  Koduru HK, Iliev MT, Kondamareddy KK, Karashanova D,
Vlakhov T, Zhao XZ, et al. Investigations on poly (ethylene
oxide) (PEO) – blend based solid polymer electrolytes for
sodium ion batteries. J Phys Conf Ser 2016;764:012006,
http://dx.doi.org/10.1088/1742-6596/764/1/012006.
[8]  Abdullah RM, Aziz SB, Mamand SM, Hassan AQ, Hussein SA,
Kadir MFZ. Reducing the crystallite size of spherulites in
PEO-based polymer nanocomposites mediated by carbon
nanodots and Ag nanoparticles. Nanomaterials 2019;9:874,
http://dx.doi.org/10.3390/nano9060874.
[9] Aziz SB, Abdullah OG, Hussein AM, Abdulwahid RT, Rasheed
MA,  Ahmed HM, et al. Optical properties of pure and doped
PVA:PEO based solid polymer blend electrolytes: two
methods for band gap study. J Mater Sci Mater Electron
2017;28:7473–9, http://dx.doi.org/10.1007/s10854-017-6437-1.
[10] Derrien G, Hassoun J, Sacchetti S, Panero S. Nanocomposite
PEO-based polymer electrolyte using a highly porous, super
acid zirconia filler. Solid State Ion 2009;180:1267–71,
http://dx.doi.org/10.1016/j.ssi.2009.07.006.
[11] Fan L, Nan CW, Zhao S. Effect of modified SiO2 on the
properties of PEO-based polymer electrolytes. Solid State Ion
2003;164:81–6, http://dx.doi.org/10.1016/j.ssi.2003.08.004.
[12] Pandey GP, Kumar Y, Hashmi SA. Ionic liquid incorporated
PEO based polymer electrolyte for electrical double layer
capacitors: a comparative study with lithium and
magnesium systems. Solid State Ion 2011;190:93–8,
http://dx.doi.org/10.1016/j.ssi.2011.03.018.
[13] Michael MS, Jacob MME, Prabaharan SRS, Radhakrishna S.
Enhanced lithium ion transport in PEO-based solid polymer
electrolytes employing a novel class of plasticizers. Solid
State Ion 1997;98:167–74,
http://dx.doi.org/10.1016/s0167-2738(97)00117-3.
 o l . 9292  j m a t e r r e s t e c h n
[14] Cheng H, Zhu C, Huang B, Lu M, Yang Y. Synthesis and
electrochemical characterization of PEO-based polymer
electrolytes with room temperature ionic liquids.
Electrochim Acta 2007;52:5789–94,
http://dx.doi.org/10.1016/j.electacta.2007.02.062.
[15] Singh PK, Nagarale RK, Pandey SP, Rhee HW, Bhattacharya B.
Present status of solid state photoelectrochemical solar cells
and dye sensitized solar cells using PEO-based polymer
electrolytes. Adv Nat Sci Nanosci Nanotechnol 2011;2:023002,
http://dx.doi.org/10.1088/2043-6262/2/2/023002.
[16] Kumar Y, Hashmi SA, Pandey GP. Lithium ion transport and
ion-polymer interaction in PEO based polymer electrolyte
plasticized with ionic liquid. Solid State Ion 2011;201:73–80,
http://dx.doi.org/10.1016/j.ssi.2011.08.010.
[17] Ahn JH, Wang GX, Liu HK, Dou SX. Nanoparticle-dispersed
PEO polymer electrolytes for Li batteries. J Power Sources
2003;119–121:422–6,
http://dx.doi.org/10.1016/S0378-7753(03)00264-7.
[18] Liu Z, Wang J, Jia X, Li W,  Zhang Q, Fan L, et al. Graphene
armored with a crystal carbon shell for
ultrahigh-performance potassium ion batteries and
aluminum batteries. ACS Nano 2019;13:10631–42,
http://dx.doi.org/10.1021/acsnano.9b04893.
[19] Liu Z, Wang J, Ding H, Chen S, Yu X, Lu B. Carbon nanoscrolls
for  aluminum battery. ACS Nano 2018;12:8456–66,
http://dx.doi.org/10.1021/acsnano.8b03961.
[20] Ge JM, Fan L, Wang J, Zhang Q, Liu Z, Zhang E, et al.
MoSe2/N-doped carbon as anodes for potassium-ion
batteries. Adv Energy Mater 2018;8:1–7,
http://dx.doi.org/10.1002/aenm.201801477.
[21] Feng Y, Chen S, Wang J, Lu B. Carbon foam with microporous
structure for high performance symmetric potassium
dual-ion capacitor. J Energy Chem 2020;43:129–38,
http://dx.doi.org/10.1016/j.jechem.2019.08.013.
[22] Ibrahim S, Johan MR. Thermolysis and conductivity studies
of poly(ethylene oxide) (PEO) based polymer electrolytes
doped with carbon nanotube. Int J Electrochem Sci
2012;7:2596–615.
[23] Bandara TMWJ, Karunathilaka DGN, Ratnasekera JL, Ajith De
Silva L, Herath AC, Mellander BE. Electrical and complex
dielectric behaviour of composite polymer electrolyte based
on  PEO, alumina and tetrapropylammonium iodide. Ionics
2017;23:1711–9, http://dx.doi.org/10.1007/s11581-017-2016-y.
[24]  Scrosati B, Croce F, Persi L. Impedance spectroscopy study of
PEO-based nanocomposite polymer electrolytes. J
Electrochem Soc 2000;147:1718,
http://dx.doi.org/10.1149/1.1393423.
[25] Kargar H, Ghasemi F, Darroudi M. Bioorganic polymer-based
synthesis of cerium oxide nanoparticles and their cell
viability assays. Ceram Int 2015;41:1589–94,
http://dx.doi.org/10.1016/j.ceramint.2014.09.095.
[26]  Breitwieser M, Bayer T, Büchler A, Zengerle R, Lyth SM,
Thiele S. A fully spray-coated fuel cell membrane electrode
assembly using Aquivion ionomer with a graphene
oxide/cerium oxide interlayer. J Power Sources
2017;351:145–50,
http://dx.doi.org/10.1016/j.jpowsour.2017.03.085.
[27] Trogadas P, Parrondo J, Ramani V. Degradation mitigation in
polymer electrolyte membranes using cerium oxide as a
regenerative free-radical scavenger. Electrochem Solid State
Lett 2008;11:113–6, http://dx.doi.org/10.1149/1.2916443.
[28] Pearman BP, Mohajeri N, Brooker RP, Rodgers MP, Slattery DK,
Hampton MD, et al. The degradation mitigation effect of
cerium oxide in polymer electrolyte membranes in extended
fuel  cell durability tests. J Power Sources 2013;225:75–83,
http://dx.doi.org/10.1016/j.jpowsour.2012.10.015.
[29] Zhang Z, Liu J, Gu J, Su L, Cheng L. An overview of metal
oxide materials as electrocatalysts and supports for polymer2 0 2 0;9(4):9283–9294
electrolyte fuel cells. Energy Environ Sci 2014;7:2535–58,
http://dx.doi.org/10.1039/c3ee43886d.
[30] Dey A, Karan S, De SK. Thermal and electric properties of
CeO2 nanoparticles dispersed in polyethylene oxide:NH4ClO4
complex. Solid State Ion 2008;178:1963–8,
http://dx.doi.org/10.1016/j.ssi.2007.12.063.
[31] Aziz SB. Li+ ion conduction mechanism in poly
(ε-caprolactone)-based polymer electrolyte. Iran Polym J
2013;22:877–88, http://dx.doi.org/10.1007/s13726-013-
0186-7.
[32] Aziz SB, Abidin ZHZ. Ion-transport study in nanocomposite
solid polymer electrolytes based on chitosan: electrical and
dielectric analysis. J Appl Polym Sci 2015;132:1–10,
http://dx.doi.org/10.1002/app.41774.
[33] Aziz SB. Erratum to: Occurrence of electrical percolation
threshold and observation of phase transition in
chitosan(1−x):AgIx(0.05 ≤ x ≤ 0.2)-based ion-conducting solid
polymer composites (Appl. Phys. A, (2016), 122, 706,
10.1007/s00339-016-0235-0). Appl Phys A Mater Sci Process
2016;122:785, http://dx.doi.org/10.1007/s00339-016-0272-8.
[34] Aziz SB, Abidin ZHZ. Electrical and morphological analysis of
chitosan:AgTf solid electrolyte. Mater Chem Phys
2014;144:280–6,
http://dx.doi.org/10.1016/j.matchemphys.2013.12.029.
[35] Aziz SB, Kadir MFZ, Abidin ZHZ. Structural, morphological
and electrochemical impedance study of CS: LiTf based solid
polymer electrolyte: reformulated Arrhenius equation for
ion transport study. Int J Electrochem Sci 2016;11:9228–44,
http://dx.doi.org/10.20964/2016.11.18.
[36] Aziz SB, Marif RB, Brza MA, Hamsan MH, Kadir MFZ.
Employing of Trukhan model to estimate ion transport
parameters in PVA based solid polymer electrolyte. Polymers
2019;11:1–25, http://dx.doi.org/10.3390/polym11101694.
[37] Aziz SB, Brza MA, Mishra K, Hamsan MH, Karim WO,
Abdullah RM, et al. Fabrication of high performance energy
storage EDLC device from proton conducting
methylcellulose: dextran polymer blend electrolytes. J Mater
Res  Technol 2019:1–14,
http://dx.doi.org/10.1016/j.jmrt.2019.11.042.
[38] Aziz SB, Hamsan MH, Kadir MFZ, Karim WO, Abdullah RM.
Development of polymer blend electrolyte membranes based
on chitosan: dextran with high ion transport properties for
EDLC application. Int J Mol Sci 2019;20:3369,
http://dx.doi.org/10.3390/ijms20133369.
[39] Aziz SB, Hamsan MH, Abdullah RM,  Kadir MFZ. A promising
polymer blend electrolytes based on chitosan: methyl
cellulose for EDLC application with high specific capacitance
and energy density. Molecules 2019;24:2503,
http://dx.doi.org/10.3390/molecules24132503.
[40] Aziz SB, Woo TJ, Kadir MFZ, Ahmed HM. A conceptual review
on polymer electrolytes and ion transport models. J Sci Adv
Mater Devices 2018;3:1–17,
http://dx.doi.org/10.1016/j.jsamd.2018.01.002.
[41] Jinisha B, Femy AF, Ashima MS, Jayalekshmi S. Polyethylene
oxide (PEO)/polyvinyl alcohol (PVA) complexed with lithium
perchlorate (LiClO4) as a prospective material for making
solid polymer electrolyte films. Mater Today Proc
2018;5:21189–94,
http://dx.doi.org/10.1016/j.matpr.2018.06.518.
[42] Siddaiah T, Ojha P, Gopal NO, Ramu C, Nagabhushana H.
Thermal, structural, optical and electrical properties of
PVA/MAA:EA polymer blend filled with different
concentrations of Lithium Perchlorate. J Sci Adv Mater
Devices 2018;3:456–63,
http://dx.doi.org/10.1016/j.jsamd.2018.11.004.[43] Koduru HK, Marino L, Scarpelli F, Petrov AG, Marinov YG,
Hadjichristov GB, et al. Structural and dielectric properties of
NaIO4 – complexed PEO/PVP blended solid polymer
 . 2 0 2j m a t e r r e s t e c h n o l
electrolytes. Curr Appl Phys 2017;17:1518–31,
http://dx.doi.org/10.1016/j.cap.2017.07.012.
[44] Sreekanth K, Siddaiah T, Gopal NO, Madhava Kumar Y, Ramu
C.  Optical and electrical conductivity studies of VO2+ doped
polyvinyl pyrrolidone (PVP) polymer electrolytes. J Sci Adv
Mater Devices 2019;4:230–6,
http://dx.doi.org/10.1016/j.jsamd.2019.06.002.
[45] Samsudin AS, Lai HM, Isa MIN. Biopolymer materials based
carboxymethyl cellulose as a proton conducting biopolymer
electrolyte for application in rechargeable proton battery.
Electrochim Acta 2014;129:1–13,
http://dx.doi.org/10.1016/j.electacta.2014.02.074.
[46] Mahalakshmi M, Selvanayagam S, Selvasekarapandian S,
Moniha V, Manjuladevi R, Sangeetha P. Characterization of
biopolymer electrolytes based on cellulose acetate with
magnesium perchlorate (Mg(ClO4)2) for energy storage
devices. J Sci Adv Mater Devices 2019;4:276–84,
http://dx.doi.org/10.1016/j.jsamd.2019.04.006.
[47] Premalatha M, Mathavan T, Selvasekarapandian S,
Selvalakshmi S, Monisha S. Incorporation of NH4Br in
tamarind seed polysaccharide biopolymer and its potential
use  in electrochemical energy storage devices. Org Electron
2017;50:418–25, http://dx.doi.org/10.1016/j.orgel.2017.08.017.
[48]  Prusinowska D, Wieczorek W,  Wyciślik H, Siekierski M,
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